Abstract: N,N-Diglycidylaniline (DGA) has been cured with the new chromophore 2,4-diamino-4'-methylazobenzene (DMAB). The curing kinetics of this aminophenyl epoxy resin/DMAB system was studied in isothermal experiments by means of differential scanning calorimetry. Autocatalytic behaviour is seen in the first stage of the cure and can be described by a model proposed by Kamal. The later stage is practically diffusion-controlled (beyond the glass transition). The diffusion effect is introduced into Kamal's equation. Parameters such as rate constants and activation energies are calculated. Good agreement between calculations and experimental data is found. The curing kinetics of bifunctional DGA is compared with that of trifunctional N,N-diglycidyl-4-glycidyloxyaniline (DGOA) with the same tetrafunctional curing agent DMAB. The rate constants for DGA + DMBA are slightly higher than those for the DGOA + DMAB system. The activation energy for the former (E 1 = 64.1 kJ/mol, E 2 = 56.2 kJ/mol) is lower than for the latter system (E 1 = 71.6 kJ/mol, E 2 = 70.5 kJ/mol). DGA needs to be cured at a lower temperature than DGOA. The relationships between glass transition temperature, T g , and rate of conversion and time of curing is discussed as well. DGA cured with DMAB exhibits a lower T g (220°C) and thermal stability than DGOA + DMAB (T g = 240°C) because of the lower functionality of the DGA resin. Preliminary investigations of optical grating recording in the new material were carried out. The presence of azobenzene groups in such epoxy systems enables their application as potential materials for holography.
Introduction
Epoxy resins constitute a class of important thermosetting polymers [1, 2] . The widespread interest in epoxy resins stems from their valuable chemical and physical characteristics. Their unique properties and the versatility in formulation made epoxy resins widely applied industrially. In general, the principal uses for epoxy resins are (in the approximate order of consumption) surface (protective) coatings, electrical/ electronic components, composites, bonding and adhesives, flooring (construction) and tooling and casting. Over the last few years, epoxy-based polymers attracted much attention as materials for optoelectronic applications. Epoxy resins containing 1 azobenzene chromophores were investigated from the point of view of applications in holography [3] [4] [5] [6] [7] and for other second-order nonlinear optical processes [8] . The presence of azobenzene groups in the polymer should enable reversible optical grating recording due to photoisomerisation-initiated processes leading to either photo-induced optical anisotropy or relief formation due to mass transport. In order to convert di-epoxides from liquid or semi-solid monomers into thermoset networks it is necessary to use cross-linking agents. Epoxides are characterised by the presence of the oxirane group. The wide range of structures of epoxy polymers can be attributed to the fact that oxirane groups may be crosslinked with a variety of functionalized compounds that contain hydroxyl, carbonyl and amine groups [9] .
The properties of cured epoxy polymers are generally determined by a few factors: the chemical structure of epoxide and curing agent and curing conditions used [10] . Kinetic characterisation of the thermoset resin is therefore of great importance in understanding the structure-property relationships in order to manufacture highperformance materials. Curing kinetics of epoxy resins can be studied with different techniques but differential scanning calorimetry (DSC) is widely used [11, 12] . The curing of epoxy resins is highly exothermic. A review of the literature shows that curing kinetics of the epoxy + amine system was studied mostly under isothermal conditions. At the beginning of curing, the reaction is chemically controlled. When the glass transition temperature T g reaches the curing temperature T c , vitrification takes place. During vitrification in the curing reaction diffusion appears [13] . The overall rate constant is assumed to be a combination of the chemical and diffusion rate constants [14] . The glass transition temperature of a curing system increases with increasing conversion during the reaction, regardless of the cure path, and can be a practical parameter for investigation of the cure process [15] . This paper describes the curing kinetics of N,N-diglycidylaniline (DGA) in comparison with that of N,N-diglycidyl-4-glycidyloxyaniline (DGOA) in the presence of stoichiometric amounts of a diamine containing an azobenzene group -2,4-diamino-4'-methylazobenzene (DMAB). A kinetic study of the cure reaction of DGOA with DMAB has been described in our previous paper [16] . Furthermore, preliminary investigations of the possibility of holographic grating recording in the obtained new material -cured epoxy resin DGA/DMAB -are carried out. The primary diamine (curing agent) 2,4-diamino-4'-methylazobenzene (DMAB) has been synthesized as described in ref. [16] 
Experimental part

Characteristics of the cured epoxy-based polymer
A sample of N,N-diglycidylaniline (DGA)/2,4-diamino-4'-methylazobenzene (DMAB) (DGOA/DMAB) has been mixed homogeneously in the mole ratio 1:0.5. X-ray spectroscopy confirmed the amorphous nature of the cured resin. Thermal stability of the cured resin has been investigated by thermogravimetric analysis (TGA). DGA + DMAB loose 10% of weight at 250°C. The residue at 800°C is 27%.
Measurements
X-ray diffraction patterns have been recorded at room temperature using a conventional θ-2θ diffractometer and Ni-filtered Cu-K α radiation in the reflection mode. TGA analysis has been performed on a Paulik-Erdey apparatus at a heating rate of 10°C/min under nitrogen. Holographic grating was recorded using 514.5 nm Ar + laser light. The gratings formed in the polymer film were monitored by measuring the power of the first-order diffracted beam. The recording light power was P inc = 12.5 mW and beam intersection angle θ = 5.9°.
DSC measurements
Differential scanning calorimetry (DSC) measurements were conducted with a 2010 TA Instrument. The cure of the resins was studied under both dynamic and isothermal conditions. Approximately 25-mg samples of DGA and the curing agent DMAB (mole ratio 1:0.5) in aluminium pans were used.
Reactions
Reactions between epoxides and amines occur in two significant stages: primary amine reacts with an epoxide, usually yielding a secondary amine, which in turn reacts with another epoxide resulting in a tertiary amine as the final product. Both reactions were found to be catalysed by the hydroxyl groups formed during the reaction. The reactivities of primary and secondary amines with epoxide may be different as reported by Wang and Gilham [17] . Horie et al. proposed the following scheme to describe the overall kinetics of epoxide reaction with primary amine [18] : where A 1 , A 2 and A 3 are primary, secondary, and tertiary amines; E is the epoxide group; (HX) a is the hydroxyl group of the reaction products; and (HX) 0 is the initial hydroxyl resident.
We have studied the influence of curing conditions on the kinetics of this process and on the glass transition temperature of the DGA resin using the diamine DMAB as a curing agent. The kinetics of the above epoxy system is compared with kinetics of curing DGOA in the presence of the same diamine as described in our previous paper [16] . The chemical structures of epoxy resins and diamine are shown in Fig. 1 . 
Kinetics of the curing reaction
The curing reaction of epoxy resin DGA with DMAB has been carried out isothermally in the DSC apparatus at 90, 100, 110, 120, 130 and 140°C. The reaction is considered complete when the DSC exothermic process curve levels down to the baseline. The total area under the exothermal curve, based on the extrapolated baseline at the end of the reaction, is used to calculate the isothermal heat of cure, ∆H i , at a given temperature. The total heat of the reaction is about 560 J/g while in the case of DGOA + DMAB it was 783 J/g. A typical DSC curve for the DGA + DMAB reaction at 130°C and for comparison for DGOA + DMAB at the same temperature are shown in Fig. 2 as an example.
As seen in Fig. 2 , the curve dα/dt for the DGA + DMAB system is a little lower than that for the DGOA + DMAB system and is shifted to longer times. After each isothermal run, the sample was cooled to 20°C and then reheated at a rate of 20°C/min to 300°C to determine the residual heat of the reaction, ∆H R (Fig. 2b) . The total heat evolved during the curing reaction is ∆H T = ∆H i + ∆H R . H R is decreasing along with an increase of the curing temperature T c .
In order to predict the chemical conversion reached after the cure schedule, it is useful to know the kinetic rate and how the rate changes with the curing temperature. Chemical conversion α, which is given by α = H i /H T , is the basic parameter influencing the properties of the cured material. The heat released during curing is proportional to the extent of the reaction; in turn the reaction rate, dα/dt, is proportional to the heat flow, dH/dt [19, 20] . The rate of reaction as a function of time has been calculated from the rate of heat flow measured in isothermal DSC experiments: It can be seen that the reaction rate increases rapidly because of the autoacceleration and reaches a maximum. After this point the rate starts to decrease, eventually reaching zero. The maximum in the dα/dt versus time curve is reached at t ≠ 0 and it confirms the autocatalytic character of the reaction [12, 20] .
As could be expected, an increasing temperature of the curing reaction influences the value of the reaction rate at the maximum. The peak of the reaction rate becomes higher and shifts to a shorter time along with the increasing T c . By partial integration of areas under the experimental curves in Fig. 3 , the fractional conversion as a function of time has been obtained. Initially, the conversion level increases with time and finally approaches a limiting conversion. The higher the curing temperatures, the higher the limiting fractional conversion reached. As well known, the curing reaction consists of two regions: a chemically controlled region (prior to vitrification) and a diffusion-controlled one (beyond T c = T g ); for calculation of kinetic parameters an equation is needed that describes both these regions. Our previous results [16] have shown that Kamal's model [19] (describing the chemically controlled cure) should be complemented by an 6 equation for the calculation of the diffusion effect, e.g., as proposed by Chern and Poehlein [21, 22] . Accordingly, the resulting expression for the overall reaction rate can be written as:
where m and n are the reaction orders, and k 1, k 2 are the rate parameters, which are functions of temperature and other parameters. α c and C describe the diffusion effect [19, 22] . A comparison of the curves fitted to Eq. (2) with the corresponding experimental data for both systems is shown in Fig. 5 . It is clearly shown that Eq. (5) leads to a very good description of the experimental data in the whole range of α. Nonlinear regression analysis is used for computation of the parameters: m, n, C, α c and k 2 , while the reaction rate constant k 1 was determined as the initial reaction rate at t = 0. The resulting values of the kinetic parameters obtained from Eq. (2) for isothermal tests for the DGA + DMAB system and, for comparison, for DGOA + DMAB [16] are collected in Tab. 1.
As seen in Tab. 1, the parameters k 1 and k 2 increase with T c . Slightly higher values of k 1 and k 2 are obtained for the DGA + DMAB system than for DGA + DMAB taking into account the same T c 's.
The total reaction order, m + n, is higher in the case of curing DGA with DMAB. However, the tendency to an overall reaction order 3 is confirmed [22] except for lower T c (T c = 80 -120°C) where m + n is about 3.7. The ratio of the reaction rate constants k 1 /k 2 is independent of curing temperature, as illustrated in Fig. 6 . As already mentioned, the parameters k 1 and k 2 increase with T c , what confirms their dependence on temperature. For a kinetically controlled reaction, the temperature dependence of the rate constant can be represented by the Arrhenius relation:
where A i is the pre-exponential constant, E i is the activation energy, R is the gas constant, and T is the absolute temperature. The relationship between ln k i and reciprocal temperature 1/T is shown in Fig. 7 for both systems.
The assumption of linear dependence allows for the determination of the activation energy from the slope of the straight line. The values of activation energies E 1 and E 2 and of preexponentional factors for DGA + DMAB and DGOA + DMAB are listed in Tab. 2.
8
The activation energies for the DGA + DMAB system are smaller than for DGOA + DMAB. These values are in the same range as the activation energy calculated for DGOA cured with triethylenetetraamine (TETA), namely 57.3 kJ/mol with the preexponentional factor 5.18·10 6 [23] . An equation describing the cure progress as a function of both temperature and time has been proposed [24] but has not been used in this work. 
Glass transition temperature as a function of conversion
There exists a one-to-one relationship between T g and conversion, independent of curing temperature [14, 15, 17, 25, 26] . In our work, in order to determine the glass transition temperature as a function of fractional conversion, samples have been cured in a DSC cell at 130°C for various periods of time. Each of the samples heated isothermally (partially cured) was cooled rapidly to 0°C and then reheated at 20°C/min to 220°C to determine T g and the residual heat of the reaction. T g is taken as the midpoint of the step transition. The corresponding fractional conversion is then calculated. Glass transition temperatures as a function of conversion for DGA + DMBA and DGOA + DMBA systems are shown in Fig. 8 .
T g = 204°C for DGOA + DMAB has been determined by DSC for a sample previously heated at 240°C during 118 h. T g = 150°C for DGA + DMAB has been determined by DSC for a sample previously heated at 220°C during 50 h. Achieving 100% conversion in such a highly cross-linked system is in itself difficult; because of this T g , inf probably will be higher then 204 and 150°C. T g increases linearly up to α ≈ 1. 
Optical grating recording experiment
The potential application of the new polymer (DGA + DMAB) as a material for holographic recording has been investigated. Kinetics of holographic grating recording in film has been determined using a standard two-wave mixing technique [27] . Diffraction gratings have been recorded when two incoming beams I 1 and I 2 were linearly polarised with electric field vectors perpendicular to the incidence plane -so-called VV-polarisation (also ss). In this polarisation geometry a periodic birefringence and/or dichroism was induced. This results in a diffraction grating build-up as is evidenced by an appearance of a light self-diffraction. The kinetics of grating formation has been studied at wavelengths of Ar + laser 514.5 nm by monitoring the power of the firstorder diffracted beam. Fig. 10 shows the results as time dependence of the first-order diffraction power. 10 As can be seen from Fig. 10 , the polarisation configuration used enables grating recording at 514.5 nm. Diffraction signal build-up increases gradually with time until saturation is reached. As also seen in Fig. 10 , the material provides substantial diffraction in a relatively short time, in less than a single second after opening of the shutter. The square root of the diffraction power's temporal evolution can be fitted by the double exponential function:
where τ 1 and τ 2 describe time constants of two different grating build-up processes [28] . A and B parameters describe the contribution of these processes to diffraction of light on the grating. Fitting dependency measured for VV polarisation geometry according to Eq. (3) gives the following results: τ 1 = 0.002 s, τ 2 = 0.15 s.
The presence of azobenzene groups in such epoxy systems enables their application as potential materials for holography.
